HuR • HOTAIR • miRNA • ceRNA • Head and neck squamous cell carcinoma Abstract Background/Aims: The lncRNA Homeobox (HOX) transcript antisense RNA (HOTAIR) is overexpressed in numerous cancers. HuR is also overexpressed during tumourigenesis and is abnormally present within the cytoplasm, where it binds to AU-rich elements in the 3′UTRs of target mRNA and post-transcriptionally regulates the expression of its target genes. However, whether HOTAIR is regulated and the mechanisms by which it affects head and neck squamous cell carcinoma (HNSCC) are not well understood. Methods: MTT, cell cycle arrest and apoptotic assays were used to examine the effects of HOTAIR and HuR on cell viability in SCC25 and FaDu cells. Wound healing and transwell invasion analysis were performed to detect the effects of HOTAIR and HuR on cell migration and invasion. The interaction between HuR and HOTAIR was confirmed via qRT-PCR, western blots, luciferase reporter and RIP assays. Finally, qRT-PCR analysis was used to detect the levels of HuR and HOTAIR in HNSCC tumours and adjacent normal tissues. Results: Knockdown of HOTAIR and HuR decreased cell viability, cellular migration and invasion. Moreover, HuR interacted and stabilized HOTAIR stability and thus promoted HOTAIR expression. Notably, HOTAIR acted as a miRNA sponge for HuR. HuR also reinforced HOTAIR sponge activity through miRNA recruitment, thus enhancing HuR expression in turn. Finally, HuR and HOTAIR levels were positively correlated and significantly up-regulated in tumours samples. Conclusion: We demonstrated the existence of a regulatory loop in which the expression of HOTAIR and HuR is reciprocally and temporally regulated during the metastasis and progression of HNSCC.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is one of the most prevalent cancers worldwide [1] . Despite the extensive progress in treatment, the overall survival rate at 5 years still remains at approximately 50% [2] and many patients eventually display metastatic recurrence eventually. Thus, investigating the mechanisms that facilitate HNSCC metastasis or progression is very important for improving HNSCC treatment.
Long noncoding RNAs (lncRNAs) have been proved to regulate the stability and control mRNA transcription [3] , as well as act as competitive endogenous RNAs (ceRNAs) to modulating miRNA acitivity [4] .The long noncoding RNA Homeobox (HOX) transcript antisense RNA (HOTAIR) has been shown to modulate the cancer epigenome and metastasis, like breast cancer [5] , colorectal cancer [6] , hepatocellular carcinoma [7, 8] and gastric adenocarcinoma [9] . On the other hands, HOTAIR was shown to sponge miRNAs via acting as a ceRNA in the cytoplasm. For example, HOTAIR could regulate c-KIT expression through sponging miR-193a in acute myeloid leukemia [10] and modulatemiR-205 activity in bladder cancer [11] . In addition, HOTAIR was found to promote tumor cell invasion and metastasis by recruiting EZH2 and repressing E-cadherin in oral squamous cell carcinoma [12] . However, the roles and mechanisms of HOTAIR in HNSCC are still unclear, and given the network composed of mRNAs, miRNAs and lncRNAs, it is expected that numerous elements that hold common miRNAs target sites could be involved in a same regulatory loop.
With the aim of identifying important factors of HOTAIR-mediated regulatory circuit, RNA binding proteins (RBPs) attracted our attention. HuR, an RBP, has already been shown to mediate post-transcriptional regulation in various cancers [13, 14] and is known to interact with a substantial body of RNA transcripts [15, 16] . Subsequent studies reported the collaborative [17] or suppressive [18] interplay between HuR and miRNA in many cancers. These results indicate that lncRNAs and RBPs may constitute regulatory loops in which RBPs could control lncRNA expression while lncRNAs could act as ceRNAs to increase RBP expression.
We describe herein that miR-7 can bind with HuR, and HOTAIR positively controls HuR expression by acting as a sponge for miR-7 during metastasis and progression of HNSCC. HuR can then regulate HOTAIR level in the cytoplasm to guarantee the efficient sponge activity of HOTAIR. Finally, we examined the expression profile of HuR, miR-7 and HOTAIR in HNSCC and adjacent normal tissues and found that the expression levels of HuR and HOTAIR were positively correlated. Meanwhile, the level of miR-7 was negatively correlated with HuR and HOTAIR expression levels. Taken together, these data suggest that the existence of a regulatory loop in which the expression of HOTAIR and HuR is reciprocally and temporally regulated during the metastasis and progression of HNSCC.
Materials and Methods
HNSCC clinical samples and cells culture 73 pairs of HNSCC paraffin-embedded tissue samples were randomly selected from the Department of Otolaryngology-Head and Neck Surgery, Shanghai Ninth People's Hospital between October 2013 and November 2015. Written informed consent from all patients and approval of the Hospital Ethic Review Committees was obtained. Isogenic tumorigenic line SCC25, HN4, Cal27, SCC4, HN30, HN12, HN13 and FaDu were purchased from the Chinese Academy of Sciences Cell Bank and were cultured in Dulbecco's Minimum Essential Medium (DMEM) medium (Gibco, USA) supplemented with 10% FBS (fetal calf serum) (Gibco), 80 U/ml penicillin and 0.08 mg/ml streptomycin at 37°C under humidified atmosphere with 5% CO 2 .
Lentivirus plasmids and stable-infected cell lines construction
Two lentiviral shRNAs targeting human HuR and HOTAIR were obtained from Sigma (St. Louis, MO). The HuR shRNA targets CDS (U38175.1), HOTAIR shRNA targets mRNA (NR_047518.1). A scramble nontargeting shRNA was used as control. The shRNA sequences were inserted into pLKO.1. Meanwhile, HuR CDS and HOTAIR sequences were inserted into pLVX-IRES-ZsGreen1, named as Lenti-HuR-CDS and Lenti-HOTAIR. Lentiviral particles were packaged in HEK293T cells by co-transfecting shRNAs-pLKO.1 or LentiHuR-CDS or Lenti-HOTAIR, pCMV-dR8.2 and pMD2.G constructs. 72 h later, supernatants were collected and
Apoptosis assay
Apoptosis was evaluated using flow cytometry analysis with AnnexinV-FITC and propidium iodide (PI) (KeyGENBioTECH, China). Cells were harvested and washed with ice-cold PBS. The cells were then stained with Annexin V-FITC and PI (BD Biosciences, USA) according to the manufacturer's protocol. The flow cytometry analysis was conducted by flow cytometry (BD Biosciences).
Quantitative real-time PCR (qRT-PCR)
Total RNA was prepared from the cells using Trizol reagent (Invitrogen, USA) according to the manufacturer's protocols. Then total RNA was reverse transcribed into cDNA using M-MLV (Vazyme Biotech Co., Ltd, China) following the standard protocols. Afterwards, the mRNA expression levels were detected according to the protocols of SYBR Premix Ex Taq TM kit (TaKaRa Bio Inc., China) and performed on an ABI Prism 7500 Detection System (Applied Biosystems, Inc., USA). Then, the expression of each transcript was calculated using the 2 -△△ct method.
Western blotting
Detailed procedure was described elsewhere [20] . The antibody against HuR (H1663) was purchased from Sigma and β-actin was purchased from Abcam. Blots were washed and incubated with a peroxidaseconjugated antibody, and chemiluminescence was detected using an enhanced chemiluminescence kit (Tanon, China) followed by exposure with Tanon 5200.
RIP assays SCC25 and FaDu cells were lysed with 25 mM Tris-HCl buffer (pH 7.5) and 100 U/ml RNase inhibitor (Sigma), and then incubated with protein-A Sepharose beads precoated with 3 μg anti-HuR antibody or control rabbit IgG for 1.5 h at 4°C. The RNA-protein complexes were pulled-down by protein A/G agarose beads and RNA extracted with Trizol, followed by detecting HOTAIR with qRT-PCR.
mRNA stability assays HuR expression was induced or knocked-down by infecting with Lenti-HuR-CDS or Lenti-shRNA for 48 h. Then de novo RNA synthesis was blocked with adding 5 μg/ml of ActD (Apexbio, USA) into the medium. Total RNA was harvested at indicated time points and mRNA expression was detected by qRT-PCR. The mRNA half-life was determined by comparing to the mRNA levels before adding ActD. Luciferase Reporter Assays miRNA target validation assays were performed according to the previous study [19] . pMIR-Reporter was used to introduce the fragments of HuR-3′UTR containing the wild-type (wt) and mutant binding sites (mut) for miR-7. Transfection efficiency was normalized with β-gal expression. HOTAIR promoter sequence was introduced into the pGL3 vector (Promega) for HOTAIR promoter transcriptional activity assays.
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Statistical analysis
All data are presented as mean ± SEM for three independent experiments. Student's t test was used to evaluate the differences between the groups and * P < 0.05 or less was considered significant.
Results

Effects of HOTAIR on HNSCC cells proliferation and apoptosis
To investigate the roles of HOTAIR in HNSCC, HOTAIR expression was examined in eight cell lines (SCC25, HN4, Cal27, SCC4, HN30, HN12, HN13 and FaDu). Comparatively high levels of HOTAIR were observed in SCC25, HN4, HN13 and FaDu cells, especially in SCC25 and FaDu cells (Fig. 1A) . Given the overexpression of HOTAIR in SCC25 and FaDu cells, we examined whether HOTAIR regulated the proliferation of HNSCC cells. Firstly, we reduced HOTAIR Cell counting assays were then conducted to detect the effects of HOTAIR in cell proliferation.
As shown in Fig. 1C , knock-down by shRNA significantly inhibited the proliferation of SCC25 and FaDu cells. Furthermore, apoptotic cells and cell cycle arrest were observed in both HOTAIR knock-down cell lines ( Fig. 1D and 1E ). The mRNA levels of anti-apoptotic genes (bcl2l1, bcl3, birc3 and bcl2a1) were also measured via qRT-PCR. Consistent with the above results, the mRNA levels of the four anti-apoptotic genes were down-regulated in shRNAinfected cells (Fig. 1F) . Next, the effect of HOTAIR on HNSCC metastasis was evaluated by wound healing and transwell invasion assays. As shown in Fig. 2A -F, The HOTAIR knockdown cells showed a significant decrease in migration and invasion abilities. These results suggest that knock-down of HOTAIR could repress HNSCC cell proliferation, migration and invasion as well as enhance cell apoptosis.
HuR physically interacts with HOTAIR
Since lncRNAs have been implicated in several transcriptional regulatory processes and have been shown to be modulated by RNA-binding proteins (RBPs) [21] , we aimed to find RBPs that could bind RNA transcripts, and HuR attracted our attention. HuR is known to interact with many RNA substrates and promote mRNA stability [22] . We hypothesized that HuR could also bind to HOTAIR, thus enhancing the stability of HOTAIR and promoting HOTAIR expression. HuR expression was measured in SCC25, HN4, Cal27, SCC4, HN30, HN12, HN13 and FaDu cells via qRT-PCR and western blot analyses. We found higher levels of expression of HuR in SCC25, HN13 and FaDu cells than in other cells (Fig. 3A and 3B) . Secondly, HuR overexpression was performed in SCC25 and FaDu cells. As shown in Fig.   Fig. 2 3C, overexpression of HuR enhanced HOTAIR expression and knock-down of HuR inhibited HOTAIR expression. When HuR was overexpressed or knocked-down and then de novo synthesis was blocked with actinomycin D, the decay rate of HOTAIR was faster in HuR shRNA-infected cells (t 1/2 = 2.7 ± 0.4 h and t 1/2 =2.1 ± 0.3 h vs t 1/2 = 3.7 ± 0.3 h and t 1/2 = 4.3 ± 0.4 h), and slower in the HuR-CDS-treated group (t 1/2 = 5.3 ± 0.2 h and t 1/2 = 5.7 ± 0.3 h) than in control cells ( Fig. 3D and E) . Notably, the luciferase reporter assay showed that HOTAIR promoter transcriptional activity was not affected by HuR (Fig. 3F) , demonstrating that HuR could not alter the transcriptional activity of HOTAIR. In addition, to investigate whether HuR bound to HOTAIR, HuR expression was induced in SCC25 and FaDu cells, and then the HuR-binding complex was pulled down with HuR antibody, followed by examination of the bound mRNAs by qRT-PCR. As shown in Fig. 3G , RIP assays indicated that HuR associated with HOTAIR more specifically than in the control. Therefore, these results indicated that HuR interacts with and stabilizes HOTAIR.
HOTAIR increases HuR expression by regulating miRNA activity
As lncRNAs have been shown to act as ceRNAs to exert their effects, we further examined possible HOTAIR-ceRNA interactions. In silico analysis was performed to predict the putative targets that have the same miRNA-binding sites as HOTAIR. We identified that miR-7 was found to have binding sites in the HuR 3'UTR and the previous study had shown that miR-7 activity was inhibited by HOTAIR. We hypothesized that HOTAIR could remove the inhibitory effect of miR-7 on HuR expression and thus increase HuR expression by acting as a ceRNA for HuR. Luciferase reporter assays were performed to confirm that miR-7 could target HuR. As shown in Fig. 4A, SCC25 and FaDu cells transfected with miR-7 mimics significantly decreased the activity of luciferase constructs carrying the sequence of HuR 3′UTR (LucHuR-wt), but no repression of luciferase activity was observed when miR-7 binding sites were mutated (Luc-HuR-mut). Meanwhile, qRT-PCR and western blot results showed that upregulating miR-7 dramatically decreased HuR expression levels, while transfection with miR-7 inhibitor increased HuR expression in SCC25 and FaDu cells ( Fig. 4B and 4C (Fig. 4D and 4E) . These results supported the previous studies that ceRNA crosstalk was optimal when the transcript abundance of miRNAs and ceRNAs within a network were near equimolarity [23, 24] . Thus, we assumed that an increase in HOTAIR levels would bind and arrest miRNA activity, followed by an enhanced translation of HuR. The effects of HOTAIR on HuR expression was analysed in SCC25 and FaDu cells with a HOTAIR-wt sensor construct and its mutant derivative, HOTAIR-mut, which lacked miR-7 binding sites. As shown in Fig. 5A and 5B, HuR expression was increased in HOTAIRwt-infected but not in HOTAIR-mut-infected cells, whereas HuR expression was decreased in HOTAIR knock-down cells. In contrast, overexpression or knockdown of the HuR-3′UTR resulted in an increase or a decrease, respectively, in HOTAIR expression in both SCC25 and FaDu cells (Fig. 5C ). As Dicer is an imperative enzyme for the formation of mature miRNAs, 
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HuR promotes HNSCC cell proliferation, migration and invasion dependent on HOTAIR expression
Here, we further investigated whether HuR could promote HNSCC cell proliferation, migration and invasion and whether these functional roles were dependent on HOTAIR. As shown in Fig. 6A , overexpression of HuR in SCC25 and FaDu cells promoted cellular proliferation, which was attenuated by shRNA against HOTAIR. Meanwhile, knock-down of HuR inhibited cellular proliferation, which was reversed by overexpression of HOTAIR. Furthermore, knock-down of HOTAIR in HuR-CDS-infected cells impaired the promotive effects of HuR-CDS on cellular migration and invasion, and overexpression of HOTAIR in HuR shRNA infected cells reversed the inhibitory effects of shRNA against HuR (Fig. 6B-F) . Taken together, our results indicate that HuR exerts its effects on HNSCC cell proliferation, migration and invasion dependent on HOTAIR expression.
The association between HuR, HOTAIR and miR-7 levels in clinical samples
Previous studies have shown that the expression levels of HuR and HOTAIR are higher in cancer tissues or cells compared to normal tissues or cells [7, 18, 25] . Here, to reveal whether HOTAIR expression is linked to clinicopathological features of HNSCC, we measured the relative HOTAIR expression in 73 patients at different stages of HNSCC. The mean HOTAIR concentrations at different stages were not statistically significant. However, relatively greater HOTAIR expression was significantly correlated with larger tumour size (P = 0.026), and high rates of lymph node metastasis (P = 0.032) ( Table 1) . qRT-PCR assays were performed to detect the tissue distribution of HuR and HOTAIR transcripts in normalized pooled cDNA samples from 73 pairs of HNSCC tumours and their adjacent normal tissues. An increased expression level of HuR and HOTAIR mRNA was observed in HNSCC tissues with 7.3-and 5.7-fold overexpression over normal tissues, and their expression was positively correlated (Fig. 7A-C) . Moreover, COX regression analysis revealed that both HuR and HOTAIR expression were significantly correlated with shorter overall survival in HNSCC (Fig.  7D and 7E ). In addition, miR-7 levels were examined in these 73 pairs of HNSCC tumours and their adjacent normal tissues. The levels of miR-7 were higher in normal tissues than in HNSCC tissues (Fig. 7F ) and negatively correlated with HuR and HOTAIR expression levels ( Fig. 7G and 7H) . These results suggest that HuR, HOTAIR and miR-7 could be independent biomarkers in HNSCC patients.
Discussion
Increasing evidence has demonstrated that HOTAIR is overexpressed in many solid tumours and enhances tumour progression [9, 10, 26] . However, limited information is available regarding HOTAIR activity and its roles in HNSCC progression. Here, high levels of HOTAIR expression were observed in HNSCC and this was significantly associated with shorter overall survival, indicating that HOTAIR plays a critical role in the development of HNSCC. The roles of HOTAIR in HNSCC were further investigated by knocking-down HOTAIR in SCC25 and FaDu cell lines. We found that down-regulation of HOTAIR inhibited proliferation, increased apoptosis and suppressed cellular migration and invasion in vitro, which is consistent with a previous study [27] using human Tca8113 and Tca8113P160 cell lines. Despite these promising indications and evidence of the importance of HOTAIR in human carcinogenicity, HOTAIR regulatory roles in HSNCC are still unclear.
With the emergence of the ceRNA hypothesis that a large number of coding and noncoding RNAs can provide crosstalk through competition for common miRNAs [28] , a large amount of evidence has revealed that lncRNA could act as a strong ceRNA to exert functional roles in the progression of tumours. For example, lncRNA H19 functioned as a ceRNA to regulate AQP3 expression by acting as an miR-874 sponge in the intestinal barrier [29] . LncRNA MALAT1 induces migration and invasion of human breast cancer cells by competitively binding miR-1 with cdc42 [30] . Notably, HOTAIR had been shown to act as a ceRNA to regulate HER2 expression by acting as a sponge for miR-331-3p in gastric cancer [31] . In the present study, the HuR protein was identified as another component of the HOTAIR-regulated ceRNA network in HNSCC. Our results showed that HuR was repressed by miR-7 and that HOTAIR alleviated this effect by acting as a sink for miR-7.
HuR is a particular RBP due to its many interactors and functions [18, 32] . Many studies have confirmed that HuR interacts with many mRNAs, as well as with numerous noncoding RNAs, indicating its pleiotropic RNA-binding activity [15, 22] . However, HuR activity is still not well understood in HNSCC. Here, besides describing HuR as a part of HOTAIR circuitry, we showed that HuR could bind with HOTAIR directly and enhance its mRNA stability, which reinforced the sponging activity of HOTAIR for miR-7, thus establishing a positive feedforward control. In addition, our results showed that HuR 3'UTR exerted a weaker effect on HOTAIR expression, which indicates that the promotive effect of HuR on HOTAIR expression is mainly through its RNA-binding activity.
Finally, the levels of HuR, miR-7 and HOTAIR were examined in clinical tissue samples. A positive correlation between HuR and HOTAIR was observed, which confirmed the coordinated control relationship between them in HNSCC. However, the positive loop linking HOTAIR and HuR may occur in a specific timeframe or environment to ultimately control the relative abundance of HuR and HOTAIR; this requires further study.
To the best of our knowledge, our work is the first to reveal a novel mechanism of the HuR-mediated regulatory network in HNSCC cells. In conclusion, the feed-forward loop between HuR and HOTAIR could indicate an important potential therapeutic target and provides a strong rationale for the development of HOTAIR-based therapeutic strategies for HNSCC.
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